Introduction
Blood oxygenators are commonly used as artificial lung in extracorporeal circulation circuit. This artificial lungs are used to maintain physiologic oxygen (O 2 ) and carbon dioxide (CO 2 ) level in blood [1] [2] [3] and also used as respiratory assist device to allow time for the native lung to heal by reducing mechanical ventilation setting [4, 5] . There are two types of blood oxygenators that have been invented, which are bubble oxygenators and membrane oxygenators. Unfortunately, there are various adverse effects reported for bubble oxygenators, such as significant damage of blood constituent due to direct contact between blood and air surfaces, platelet and alveolar sequestration, contribute to higher risk of air embolism (micro-and macro-) and much more [6] [7] [8] [9] . For these reasons, more reliable membrane oxygenators dominate the current market. Hence, the focus of present study is solely on the Since membrane oxygenators dominate the current market, its latest and most reliable design are always in demand. Numerous investigations are conducted to improve their design and offer the best performance. In early years, building and testing membrane oxygenator prototypes was conducted by trial and error process. This process can be time consuming and expensive. With the development of computer-assisted model, cost for trial and error in manufacturing and testing for multiple produced prototype design can be minimized [10] . Using this method, mathematical modelling and simulation of gas exchange (O 2 and CO2) in membrane oxygenator can be conducted, which enable the prediction of gas transfer in membrane oxygenator. Then, the experimental measurement is conducted for the same model to identify mass transfer coefficient and validate the model [2] . Once the model is validated, the prototype is developed based on it for the next production stage.
The theoretical idea of O 2 and CO 2 diffusion in membrane oxygenator was previously analyzed and experimentally determined by Weissman and Mockros [11, 12] by considering the reaction between oxygen and hemoglobin. Analysis of O 2 transfer rate was calculated and also the improvement in O 2 transfer rate for different configuration of oxygenator. Based on the analysis, it was concluded that tubular oxygenator is practical for this purpose. This works had been extended by Mockros and Leonard [13] for a compact cross-flow tubular oxygenators to determine partial pressure of O 2 by incorporating oxygen-haemoglobin reaction which exists in the blood.
Inspired by the hallmark work by Mockros and Leonard [13] , Vaslef et. al [14] developed their own mathematical model to predict O 2 transfer, but they were using semi-empirical theoretical. The observation proved that the predicted O 2 transfer rate was closed to experiment measurement.
Apart of O 2 modelling, Svitek and Federspiel [2] developed a mathematical model that able to predict CO 2 removal exchange rate in hollow fiber membrane oxygenator using semi-empirical approach. Based on the results reported by these authors [2] , it was clearly shown that the difference between predicted CO 2 exchange rates (using mathematical model) and measured experimental data did not differs much, which varies in the range of 6% to 9% accordingly to the blood flow rate. This observation thus validates the mathematical model that was developed in the reported study.
Mathematical modelling also could be used to determine the best design for membrane oxygenator. For example, Matsuda and Sakai [15] investigated the effect of number of tied hollow fiber on blood flow in terms of friction factor and mass transfer coefficient. They found an inverse proportional relationship between numbers of tied hollow fiber on O 2 transfer rate, and proved that single hollow fiber is the most effective design for optimum O 2 transfer rate. Tabesh et al. [16] then use a theoretical model to evaluate the design of hollow fiber membrane oxygenator in terms of geometric data, configuration properties and design specification for 6 commercial oxygenators. Vaslef et al. [10] also used the computer method to validate their prototype device of implantable artificial lung in order to reduce the cost for trial-and-error manufacturing using the same method employed by Hormes et al. [17] .
As an advanced works in numeric analysis and designing of membrane oxygenator, Turri and Yanagihara [18] developed a two-dimensional computer-assisted numeric simulator which takes account for blood buffering capacity. In addition to their successful in predicting O 2 and CO 2 mass exchange as compared with the experimental value, the researchers also concluded there was no effect of blood base excess on CO 2 mass exchange rate. For the effect of sweep gas flow rate, it were reported that only CO 2 exchange rate was affected by the sweep gas flow rate, whilst O 2 exchange rate shows no significant increasing as the sweep gas flow rate increased. All these findings showed the 
Methodology
Basically, the simulation is adopted from the mathematical model that been developed by Hexamer and Werner [19] , which is the reformulated model by Hill et al. [20, 21] . This model is a mathematical description of gas diffusion process (O 2 and CO 2 ) in membrane oxygenator and comprised of three main compartments: gas (g), plasma (pl) and red blood cell (rbc). In each compartment, volume balances are calculated for five state variables, namely O 2 partial pressure (pO 2 ), CO 2 partial pressure (pCO 2 ), bicarbonate, carbamate and hydrogenium [22, 23] . Due to the chemical binding of O 2 and CO 2 within the blood, gas transfer in this model is considered as highly non-linear. The generic model used is displayed in Figure 1 . From these assumptions, volume change rate for both gas (CO 2 and O 2 ) stored in a compartment can be written as:
Where are the concentration at inflow and outflow of the compartment. On the other hand, D i is the bulk diffusion capacity, which its mass transfer is driven by gradient of partial pressure, Pi ,ext -P i . Finally, R i then stands for gain/loss of the substrate due to chemical reactions. For the equations below, gas, whole blood, plasma and red blood cell are represents by subscript of g, b, pl and rbc, respectively. For simplicity, the charge of hydrogen ion (H + ) and bicarbonate ion (HCO 3 -) are neglected in the symbol [19] .
Gas Compartment
Gas compartment is also modelled based on the equation (1), with assumption that no volume loses occur across the membrane ( = ). The dependency of gas fraction-partial pressure was derived from Henry's law as [24] [25] [26] [27] [28] [29] :
, = .
Where p O2,g and p CO2,g is partial pressure of O 2 and CO 2 , respectively, is the atmospheric pressure (mmHg), F iO2 is O 2 fraction in mixing gases and F iCO2 is CO 2 fraction in mixing gases.
There are three assumptions are made in this case [29] :
1. F iCO2 in equation [5] is zero (since there is no CO 2 is used in sweep gas) 2. There are perfect mixing condition in gas compartment (
By substituting (4) and (5) into (2) and (3), the equations can be rearranged as:
Carbon dioxide transfer in blood compartment
Prior to the equation of blood-gas transfer, the volumes and flow for plasma and red blood cell are defined as:
Then, the equations for CO 2 transfer are:
,
For plasma part, and 
For the red blood cell part;
Where; 
Alphabet 'r' in equation (16) and (17), is the result of [HCO3] diffusion across red blood cell membrane and some complex biochemical effects [29] . It is defined as:
Equation (18) then influences virtual pH-value, which is the important determinant in pO 2 measurement:
The diffusion capacity (D CO2,rbc ) and (D HCO3,rbc ) used in equations (10), (11), (16) and (17) are estimated from in-vitro measurements [20] :
.
Carbamino reaction in equation (11) and (24) is due to direct bound between part of CO 2 within red blood cell and haemoglobin. The substance that produced from this reaction is called carbamate (carb): Note that all the initial values, oxygenator parameters, biophysical and chemical parameters mentioned in the equations above are defined in Appendix 1. Due to the objectives and scope of this study, only CO 2 transfer will be considered, while the simulation of O 2 diffusion across hollow fiber membrane can be reviewed elsewhere [24] [25] [26] [30] [31] [32] .
The simulation of gas diffusion in membrane oxygenator (equations (2) - (26)) was implemented in MATLAB/SIMULINK environment to calculate volume balance for state variables in blood-gas diffusion with respect to time.
In addition to the process simulation, open loop control study was conducted to determine the controllable factor that influence gas transfer rate in membrane oxygenator. There are many references which stated that pCO 2 is controlled by sweep gas flow rate, while pO 2 is controlled by blood flow rate and oxygen fraction in gas compartment [33] [34] [35] . In fact, this determinant factor were also had successfully proven using in both in vitro [36, 37] and in vivo study [38] [39] [40] or even through simulation via computer-assisted approach [18] . Thus, the mathematical model used for this present study was simulated using three flow rates of sweep gas, which are 1 L/min, 2 L/min and 4 L/min, while the blood flow rate was kept constant as 2 L/min (Table 1 ). These flow rates are chosen based on the ratio suggested by The Food and Drug Administration (FDA) in their guidance for cardiopulmonary bypass oxygenator [41] . Next, a statistical test (one-way ANOVA) was performed using two approaches, which were statistical software (Statistical Package for the Social Sciences or SPSS) and MATLAB. This is to ensure the accuracy and validity of our statistical analysis. ANOVA (analysis of variance) is an extension of t-test, which determine equality between several means by comparing their variance among groups relative to variance within groups [42, 43] . Using ANOVA, the mean between two or more samples distribution can be determined if it differ significantly from one another with significant level set as α= 0.05 (95% confidential interval) [44] .
Lastly, upon the proof of strong relationship between the gas flow rate and rate of CO 2 clearance, another test was conducted. In this test, two time periods of t=60 second and t= 120 second were isolated, where the gas flow was changed markedly. This is to see how the simulated pCO 2 respond accordingly to the change of sweep gas flow rate.
Results and discussions
Simulation result of CO 2 transfer across membrane oxygenator is depicted in Figure 2 . From the figure, it can be seen that Qg/Qb= 2 has the highest CO 2 removal rate as compared to the other two. The increasing in pCO 2 clearance rate is proportional to the elevation of sweep gas flow rate. This finding agrees with the result reported by [18, [36] [37] [38] which advocated that the sweep gas flow rate has effect on measured pCO 2 under constant rate of blood flow. A membrane oxygenator comprised of thousands microporous hollow fiber membranes that allows gas exchange between gas and blood compartment. In most design, sweep gas (commonly O 2 ) will flows through the inside lumen of the hollow fiber, while blood flows outside the hollow fiber. During extracorporeal circulation, O 2 in sweep gas area will diffuses down its concentration gradient across membrane wall into the blood, while CO 2 will diffuse down its concentration gradient from blood into the sweep gas area, which is then removed when the sweep gas exit the oxygenator [45] . According to Cove et al. [46] , there are three major factors that influence the amount of gas transfer in membrane oxygenator, which are concentration gradient, contact time between membrane-blood and membrane diffusion characteristics. Adjusting the sweep gas flow rate will affect the concentration gradient of CO 2 in membrane oxygenator. The increment of sweep gas flow rate depreciates CO 2 accumulation along sweep gas pathway [36] . Consequently, the fractional concentration of CO 2 in sweep gas is reduced, while O 2 fractional concentration is elevated. Increasing in pCO 2 concentration gradient between blood and gas phase then augments CO 2 removal [47] .This explains why the simulated pCO 2 in artery reduced as the sweep gas flow rate increased.
Due to the proven relationship between pCO 2 and sweep gas flow rate, statistical analysis was performed in order to provide statistical evidence between these three flow rates. As tabulated in Table  2 , mean for simulated pCO 2 of three flow rates showed great deviation between each other with 36.153 mmHg, 20.070 and 12.052 for rate ratio (Qg/Qb) of 0.5, 1.0 and 2.0, respectively. Results obtained from ANOVA test then proved the significant difference, where p-value= 0.000. The present work was then extended to investigate how the simulated pCO 2 in artery respond to the change of sweep gas flow rate at each step change of flow rate. The behaviour of this model is illustrated in Figure 3 . During the initial sweep gas flow rate (1 L/min), initialization process occurred for simulated pCO 2 until it reaches constant at 35.27 mmHg. Then, the sweep gas flow rate was adjusted to 2 L/min for another 60 seconds. In conjunction with this change, the pCO 2 took approximately 15 seconds to become stable at 18.96 mmHg. Finally, the pCO 2 reached back to 35.27 mmHg when the flow rate was set back to 1 L/min. The simulation results agree with the pattern of pCO 2 response reported by Hexamer et al. [19] , which the simulated pCO 2 change with respect to the changing of gas flow rate. It also takes some time to achieve steady state. These findings are great indicators for the application of closed-loop control strategy to membrane oxygenator in controlling pCO 2 in blood. According to Chung et al. [48] , CO 2 is more soluble than O 2 , hence it diffuse faster than O 2 . Due to this advantage, CO 2 is transfers approximately 10 times more efficiently than O 2 [48] . Rapid diffusion of CO 2 that leaves blood will cause hypocapnia (state of reduced CO 2 in blood, where pCO 2 < 35 mmHg at sea level [49] ). To prevent this problem, a good automated controller is needed to ensure pCO 2 do not fall below 35 mmHg. This will be investigated in our future work as an extension for this present study.
Conclusion
There is significant difference in pCO 2 reading for three sweep gas flow rates (1 L/min, 2 L/min and 4 L/min), and simulation results clearly show that the pCO 2 removal rate has proportional relationship with sweep gas flow rate. Future works shall include various control and advanced strategies of this model for closed loop system in order to obtain the optimal CO 2 partial pressure for blood purification process. O 2 fraction in mixing gas (sweep gas) 66% -F iCO2 CO 2 fraction in mixing gas (sweep gas 0% - 
